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SPECIFICATION 



METHOD OF USING MOLYBDENUM CARBIDE CATALYST 



Related Application 

This application is a divisional application of U. S. Patent 
Application Serial No. 09/817,523, filed on March 26, 2001. The 
entire disclosure of this application is incorporated herein by reference. 

Background of the Invention 

Synthesis gas is a mixture of hydrogen and carbon 
monoxide, which is formed from methane reforming and has a variety of 
different applications in organic reactions. This can be formed by 
combining steam and oxygen with methane at high temperatures. 
Another method of forming synthesis gas from methane is the methane 
dry reforming reaction. In this reaction, carbon dioxide is mixed with 
methane and the blend is subjected to high temperature i.e., 850°C in the 
presence of a catalyst. This in turn forms hydrogen and carbon 
monoxide. The hydrogen from the reforming process is particularly 
suitable for use in fuel cell power systems. 



The typical catalyst for use in the methane dry reforming 
reaction is a noble metal such as gold, platinum or the like. However, 
these catalysts tend to be relatively expensive. Molybdenum carbide is 
known as a catalyst for such reaction. However, this can be difficult to 
form. Further for use as a catalyst, high surface area is critical. 
Molybdenum carbide tends to form larger grains having reduced surface 
areas which in turn reduces its effectiveness as a catalyst. Thus, because 
of this problem and the high temperature and time required to form 
molybdenum carbide, it has not been used commercially as a catalyst for 
the methane dry reforming reaction. 

Synthesis gas, mainly a mixture of H 2 and CO, may also 
contain C0 2 , can be a cheap and easy to obtain fuel for fuel cells. 
However, CO in the synthesis gas can poison the expensive fuel cell 
catalyst. Therefore, it has to be removed from the synthesis gas before 
the gas is used for fuel cells. Low temperature water gas shift (WGS) 
reaction converts CO into C0 2 , a harmless gas for the fuel cell catalyst. 
Additional benefit from the low temperature WGS is that it also generates 
H 2 . It can be seen that WGS reaction could have a significant potential 
in the fuel cell technology. 



Summary of the Invention 

The present invention is premised on the realization that a 
molybdenum carbide catalyst suitable for use in the methane dry 
reforming reaction as well as other reactions can be formed at relatively 
low temperatures and in relatively short periods of time. These reactions 
also include fuel processing as applicable in fuel cell uses. 

More particularly the present invention is premised on the 
realization that molybdates such as ammonium molybdate can be directly 
formed into a high surface area molybdenum carbide by direct reaction 
with a mixture of hydrogen and carbon monoxide and methane. The 
molybdate is heated from a temperature below 300°C to a temperature 
below 850°C at a ramp rate of about 0.5-20°C/min in the presence of the 
hydrogen, carbon monoxide mixture and methane. This permits the 
molybdate to be reduced and then carburized directly to molybdenum 
carbide. 

Depending on the reduction/carburization gases and the 
heating profile used, the product powders can have a wide range of 
specific surface area from just over 30 m 2 /g to almost 1 00 m 2 /g. Typically, 
a 35 m 2 /g Mo 2 C powder can be generated with CO/H 2 mixture and a 
higher surface area powder with a combination of CO/H 2 and CH 4 /H 2 
mixtures. A two-step process was used to generate Mo 2 C powders with 



surface area over 60m 2 /g. First, the precursor was soaked in a CO/H 2 
mixture at a low temperature (300°-400°C). Then, the intermediate was 
heated-up slowly in the CO/H 2 mixture (up to 500°C) and a CH 4 /H 2 mixture 
(above 500°C) to the final soak temperature (600°-650°C). It is believed 
that Mo 2 C starts to nucleate during the low temperature soak and the 
intermediate (XRD amorphous) from the soak develop slowly into Mo 2 C 
during the ramp and the high temperature soak. It is this low temperature 
nucleation give the finished powder very high surface area. CO was 
selected as the low temperature carburization gas because it is more 
active than CH 4 at low temperatures, while CH 4 is a better choice at higher 
temperatures. 

The high surface Mo 2 C is useful as a catalyst in the methane 
dry reforming reaction. 

The high surface area Mo 2 C powder of the present invention 
can have higher catalysis activity for the WGS reaction than the 
commercial catalyst, which is widely used currently. Generally, the higher 
the surface area of a Mo 2 C powder, the higher the catalysis activity the 
powder can deliver. 
Detailed Description 

According to the present invention, a molybdenum carbide 
powder is formed from a molybdate or molybdenum oxide by reacting it 



under 750°C with a mixture of a reducing and carburizing gases, which are 
specifically hydrogen and carbon monoxide and methane. The formed 
carbide has a structure of Mo 2 C yl wherein y represents 0.95 to 1 .05. 

The starting molybdate can be any molybdate wherein the 
counter ion is not a metal. Generally, the counter ion will be an organic 
compound or ammonium which is preferred due to its availability. Other 
molybdenum compounds such as molybdenum oxides can also be used. 

The reaction gas is a blend of hydrogen and carbon 
monoxide or methane at a ratio between 3:1 to 1:1 and preferably at 1 :1 
ratio (by volume). Other carburizing gases such as ethylene can also be 
used. 

The reaction can be conducted in any suitable furnace which 
permits control of the gaseous atmosphere and temperature. A rotary kiln 
is particularly suitable due to its ability to ensure adequate mixing of the 
solid and gaseous reactants. The ammonium molybdate or molybdenum 
oxide powder is simply loaded into a quartz liner and placed into the rotary 
kiln. 

The system is purged with nitrogen first and then a 
hydrogen, carbon monoxide mixture in the ratio stated above (preferably 
30-50% CO) is introduced. The temperature can be quickly raised to 
300°C-400°C and held for 1-5 hours and thereafter the temperature ramp 



rate should not exceed 20°C/min and preferably is 0.5-20°C/min. The 
reaction temperature and the furnace temperature ramp rate are critical 
for achieving maximum surface area. The molybdate starts 
decomposition at about 300°C. It decomposes into oxides, which at some 
stage can be amorphous. The reduction and carburization of the resulting 
oxide occurs at the same time when the temperature goes above 400°C. 
A second 3- to 5-hour soak (in H/CH 4 with the above stated ratio 
preferably 20-60% CH 4 ) at a temperature between 550° to 850°C provides 
enough time to expedite the formation of molybdenum carbide. 

The maximum temperature should not exceed 850°C and 
most preferably be less than 700°C. At 700°C, the reaction can be 
completed in 2 to 4 hours. The reaction time can be shortened by 
increasing the reaction temperature at the expense of increasing grain 
size and reducing surface area. 

During the reaction, the feeding gas composition can be 
changed if desired in order to adjust the total carbon content of the 
powder. Subsequently, the reactor is cooled down with flowing hydrogen, 
carbon monoxide mixture, hydrogen alone, or nitrogen. Because of the 
high surface area, the powder should be passivated with diluted oxygen 
or air after the powder cools down to room temperature. 



The molybdenum carbide formed in this manner is a 
metastable Mo 2 C y . X-ray diffraction on the carbide powder shows some 
missing peaks in the diffraction pattern. At this stage, the powder 
samples exhibit specific surface areas of over 35 m 2 /g. 

High surface area Mo 2 C has also been used as a catalyst for 
a low temperature water gas shift (WGS) reaction, from which H 2 and C0 2 
are generated from CO and H 2 0 (vapor). As we know, synthesis gas 
(mainly a mixture of H 2 and CO, may also contain C0 2 ) can be a cheap 
and easy to obtain (from cracking of many organic compounds) fuel for 
fuel cells. However, CO in the synthesis gas can poison the expensive 
fuel cell catalyst. Therefore, it has to be removed from the synthesis gas 
before the gas is used for fuel cells. Low temperature WGS reaction 
converts CO into C0 2 , a harmless gas for the fuel cell catalyst. Additional 
benefit from the low temperature WGS is that it also generates H 2 . It can 
be seen that WGS reaction can have a significant potential in the fuel cell 
technology. Our preliminary test result indicates that a high surface area 
Mo 2 C powder can have higher catalysis activity for WGS reaction than the 
commercial Cu-Zn catalyst, which is widely used currently. Generally, the 
higher the surface area of a Mo 2 C powder, the higher the catalysis activity 
the powder can deliver. 



The invention will be further appreciated in light of the 
following detailed examples. 

Example 1 

1.0 lb of ammonium molybdate powder was loaded in a 
5 rotary kiln and heated to 590* C and then 760° C at a ramp rate of about 

10°C/min in a gaseous mixture of H 2 and CO at 1:1 volume ratio. The 
soak time is 5 hours at 590°C and 3 hours at 760°C. After the furnace 
cooled down to room temperature, the powder was passivated with a 
dilute air for about 1 hour. XRD on the product powder shows Mo 2 C. The 
10 BET specific surface area of the powder was 18.5 m 2 /g. Carbon analysis 

on the powder showed 5.84% combined carbon and 1 .72% free carbon. 

Example 2 

1.0 lb of ammonium molybdate powder was loaded in a 
rotary kiln and heated to 590°C and then 700°C at a ramp rate of about 

15 10°C/min in a gaseous mixture of H 2 and CO at 1:1 volume ratio. The 

soak time is 5 hours at 590°C and 3 hours at 700 W C. After the furnace 
cooled down to room temperature, the powder was passivated with a 
dilute air for about 1 hour. XRD on the product powder shows defect 
Mo 2 C with some missing peaks in the XRD pattern. The BET specific 

20 surface area of the powder was 37.7 m 2 /g. Carbon analysis on the 

powder showed 6.07% combined carbon and 1.62% free carbon. 
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Example 3 

1.0 lb of ammonium molybdate powder was loaded in a 
rotary kiln and heated to 700°C at a ramp rate of about 10 s C/min in a 
gaseous mixture of H 2 and CO at 1:1 volume ratio. The soak time is 5 
hours at 700°C. After the furnace cooled down to room temperature, the 
powder was passivated with a dilute air for about 1 hour. XRD on the 
product powder shows defect Mo 2 C with some missing peaks in the XRD 
pattern. The BET specific surface area of the powder was 35.7 m 2 /g. 
Carbon analysis on the powder showed 5.99% combined carbon and 
2.15% free carbon. 

Example 4 

1.6 lb of ammonium molybdate powder was loaded in a 
production tube furnace and heated to 1080T (582°C) and then 1290T 
(699°C) at a ramp rate of about 8°C/min in a gaseous mixture of H 2 and 
CO at 3:1 volume ratio. The soak time is 10 hours at 1080T and 3 hours 
at 1 290T. After 3 hours carburization at 1 290T, additional 1 6% C0 2 was 
introduced for free carbon removal. The decarburization was performed 
for another 3 hours. After the furnace cooled down in N 2 to room 
temperature, the powder was passivated with a dilute air. XRD on the 
product powder showed Mo 2 C and a XRD peak broadening technique 
gave a Mo 2 C grain size of 26 nm. The BET specific surface area of the 



powder was 39 m 2 /g. Carbon analysis on the powder showed 5.53% 
combined carbon and <0.04% free carbon. 

Example 5 

A methane dry reforming catalyst test was done on the 
metastable Mo 2 C powder synthesized as shown in example 2. The test 
was performed in a small tube furnace at 85CTC. Two quartz wool plugs 
were used to keep 5 g Mo 2 C powder layer in between and permit the 
reacting gases passing through. Mass flow meters were used to control 
the gas flow and a 3-channel (CH 4 /CO/C0 2 ) IR analyzer was used to 
monitor the inlet and outlet gas compositions. The test showed 47% CO 
yield initially, which is very close to the equilibrium 49% CO yield. This 
high CO yield was kept for over 48 hours. Then, the yield dropped to and 
stabilized at about 25% for another 24 hours. The test was interrupted 
after 72 hours. Catalytic activity was still obvious, even after 72 hours of 
reaction. 

Other than the surface area, the surface status of a Mo 2 C 
powder directly affects its catalysis activity. It is known that the free 
carbon deposit on the powder surface can block some active sites and 
lower the catalysis activity of the powder. The surface oxygen also affects 
the catalysis activity. As indicated, due to the highly active nature of a 
high surface area Mo 2 C powder, a passivation treatment is generally 
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necessary after the powder synthesis and before the exposure of the 
powder to air. During the passivation treatment, a well-controlled 
oxidation (0.01 to 0.1% 0 2 in N 2 ) is applied to the powder so that a very 
thin and dense layer of oxide forms on the surface of the powder 
preventing the powder from further oxidation. An XPS analysis on a 
passivated Mo 2 C powder has confirmed the existence of Molybdenum 
oxide on the surface of the powder. 

This oxide layer has to be removed before any catalysis test. 
A treatment was done on the Mo 2 C powder right before the WGS catalysis 
test. The treatment comprises of 1- or 2-hour annealing of the powder at 
300°-600°C in flowing H 2 or a CH 4 /H 2 mixture. This treatment significantly 
increases the catalysis activity. 

Even though a Mo 2 C powder is quite stable in the WGS 
feeding gas stream at temperatures below 500°C, it may still be a partially 
oxidized after a long term exposure to the feeding gas. Therefore, 
recovery capability is an important property of this catalyst. Test results 
indicate that a high surface area Mo 2 C can be recovered in-situ with a re- 
carburization treatment. The re-carburization treated powder can have a 
high WGS catalysis activity again. 

More details of the work is illustrated in the following 

examples. 



Example 6 

5 g ammonium molybdate powder was loaded in a tube 
furnace. In the gas stream of 50%CO with H 2 , the powder was heated-up 
350°C and soaked at 35CTC for 2 hours. The powder was then ramped at 
1 °C/min in 50%CO with H 2 to 50CTC and then in 40%CH 4 with H 2 to 620°C. 
After reaching 620°C, the powder was soaked in 40% CH 4 with H 2 at 
620°C for 4 hours. The product powder was Mo 2 C as confirmed by XRD 
and the BET surface area of the powder was 90m 2 /g. The powder 
contains no free carbon (<0.04%). 

Example 7 

5 g of a Mo 2 C powder with a specific surface area 54m 2 /g 
was used as a catalyst for the WGS test. The feeding gas had 49.0%H 2 , 
6.0%CO, 1 5.0%CO 2 and 30.0%H 2 O (vapor) with the total flow rate about 
1540 cc/min, or 1330 min" 1 space velocity (assuming Mo 2 C has bulk 
density 4.5 g/cc). IR was used for the inlet and outlet gas composition 
analysis and the magnitude of CO loss or C0 2 gain after the WGS 
reaction was used to measure the WGS catalysis activity of the catalyst. 
At 250°C, the maximum CO loss was 0.30 pmol/g.sec and the 
corresponding C0 2 gain was 0.75 pmol/g.sec. As a comparison, a 
commercial Cu-Zn catalyst gave 6.11 pmol/g.sec CO loss and 5.67 
pmol/g.sec corresponding C0 2 gain. 
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Example 8 

5 g of the same Mo 2 C powder as what in the Example 7 was 
used for the WGS test. Testing conditions were the same as that in the 
Example 7. However, a 2-hour annealing at 55CTC in flowing H 2 was done 
to the powder right before the WGS test. At 250°C, the powder gave 6.1 1 
|jmol/g.sec. Maximum CO loss and 5.67 mol/g.sec. corresponding C0 2 
gain. 

Example 9 

5 g of the same Mo 2 C powder as that in the Example 7 was 
used for the WGS test. Testing conditions were the same as that in the 
Example 7. However, a 2-hour annealing at 550°C in flowing H 2 and 1 0% 
CH 4 gas mixture was done to the powder right before the WGS test. At 
250°C, the powder gave 5.97 pmol/g.sec. maximum CO and 5.70 
mol/g.sec corresponding C0 2 gain. 

Example 10 

5 g of a Mo 2 C powder with a specific surface area 77 m 2 /g 
was used for the WGS test. Testing conditions were the same as that in 
the Example 7. A 2-hour annealing at 550°C in flowing H 2 and 10% CH 4 
gas mixture was done to the powder right before the WGS test. At 250°C, 
the powder gave 9.77 pmol/g.sec. maximum CO loss and 7.89 
pmol/g.sec. corresponding C0 2 gain. 



For easier comparison, the 25CTC WGS test results from the 
Examples 7-10 are summarized in the following table. 



Catalyst 


Cu-ZnO 


Mo 2 C 


Mo 2 C 


Mo 2 C 


Mo 2 C 


Surface Area 
(m 2 /g) 




54 


54 


54 


77 


Pre-WGS 
Treatment 






550*C in H 2 


550'C in 

10% 
CH 4 /H 2 


550*C in 

10% 
CH 4 /H 2 


CO gain 
(umol/g.sec) 


-6.11 


-0.30 


-4.21 


-5.97 


-9.77 


C0 2 gain 
(umol/g.sec) 


5.67 


0.75 


3.33 


5.70 


7.89 



It can be seen that without any pre-WGS treatment, the 54 
m 2 /g Mo 2 C powder has little WGS catalysis activity. With some in-situ 
treatment (better with CH 4 /H 2 mixture) right before the WGS testing, the 
54 m 2 /g Mo 2 C powder can have similar WGS catalysis activity as the 
commercial Cu-Zn catalyst. The 77 m 2 /g Mo 2 C powder has much higher 
WGS catalysis activity than the commercial catalyst. 

Example 11 

3 g of a partially oxidized Mo 2 C powder was used for a 
recovering test. The powder was obtained by exposing the same Mo 2 C 
powder as that in the Example 6 to a flowing water vapor stream at 600°C 
for 1 hour. XRD confirmed the existence of MoQ 2 in addition to Mo 2 C in 
the powder. The recovering test started with a 1 -hour WGS test at 250°C 
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followed by a 30-hour re-carburization treatment with a CH 4 /H 2 mixture at 
500°C. Then another 1-hour WGS test was done at 250°C on the re- 
carburization treated powder. The WGS testing conditions were the same 
as that in the EXAMPLE 2. Before the re-carburization treatment, the 
powder gave 0.12 pmol/g.sec. maximum CO loss and 0.61 |jmol/g.sec. 
corresponding C0 2 gain, while after the treatment, the powder gave 8.24 
pmol/g.sec. maximum CO loss and 3.29 pmol/g.sec. corresponding C0 2 
gain. 

Thus as shown, the high surface area molybdenum carbide 
catalyst of the present invention is useful both in the methane dry 
reforming reaction as well as in the water gas shift reaction. The low 
temperature i.e., 200° to 400°C water gas shift reaction is very useful for 
fuel cell applications in which carbon monoxide reacts with water vapor to 
generate hydrogen, a clean efficient energy source for fuel cells and 
carbon dioxide, a harmless gas for fuel cells. The molybdenum carbide 
catalyst of the present invention is excellent in this low temperature 
application. This can be activated by an in-situ heat treatment 
immediately before use as a catalyst in the fuel cell by annealing of the 
catalyst in hydrogen, hydrogen carbon monoxide or hydrogen methane 
mixtures at 300° to 600°C for .5 to 5 hours. Further, partially oxidized high 
surface area molybdenum carbide catalyst can be reactivated or 
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recovered by similar in-situ re-carburization treatment. Again by annealing 
in hydrogen or hydrogen carbon monoxide or hydrogen methane mixtures 
at temperatures of 400° to 700°C for 0.5 to 5 hours. Thus, the present 
invention is extremely useful in fuel cell application. 

This has been a description of the present invention along 
with the preferred method of practicing the present invention. However, 
the method itself should only be defined by the appended claims wherein 
we claim: 
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